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Diffusion of Nitroaromatic Vapours (Explosive) into Fluorescent Dendrimer Films for 
Explosives Detection 
Mohammad Amdad Ali, Simon. S. Y. Chen, Hamish Cavaye, Arthur, G. R. Smith, Paul L. 
Burn, Ian R. Gentle, Paul Meredith, Paul E. Shaw*
Centre for Organic Photonics & Electronics, School of Chemistry and Molecular Biosciences 
and School of Mathematics and Physics, The University of Queensland, Brisbane, 
Queensland 4072, Australia
Abstract: 
Fluorescence-based sensing with organic semiconductors is a powerful method for the 
detection of a broad range of analytes including explosives, chemical weapons and drugs. 
Diffusion of an analyte into an organic semiconductor thin film, and its subsequent interaction 
with the chromophore are key factors that govern the sensing performance of a chemosensor. 
In this study the diffusion behaviour of an explosive analyte analogue into a sensing film of a 
conjugated dendrimer was investigated using a quartz crystal microbalance (QCM) and 
correlated with neutron reflectivity measurements. The mechanistic insights of para-
nitrotoluene (pNT) sorption in the films of different thicknesses of a first generation 
dendrimer with fluorenyl surface groups, carbazole dendrons and a spirobifluorene core were
studied and interpreted in terms of the underlying kinetics and thermodynamics. Sorption 
measurements suggest that the process of diffusion of pNT vapour into the dendrimer films is 
Super Case II, which involves swelling of the film. Swelling of the film was confirmed by 
neutron reflectometry measurements, which also showed uniform distribution of the pNT 
molecules throughout the entire film thickness. The activation energy barrier and change in 
Gibbs free energy in the sorption process were calculated from the QCM responses. The 
sorption process was found to be thermodynamically (not kinetically) controlled and
independent of film thickness. This work sheds insight into the structure-property 
relationships that govern the performance of organic semiconductor fluorescence-based 
chemosensors.
Key Words: Sensors, Photoluminescence, Quartz crystal microbalance, Kinetics, 
Thermodynamics.
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INTRODUCTION: 
Due to the reality of terrorist threats and security issues across the globe, the development of 
rapid and reliable detection of military explosives at a stand-off distance is an important 
scientific and technological challenge [1]. The recent development of fluorescence 
quenching-based chemical sensors offers a route towards portable and compact devices [2-4]. 
Such sensors have been successfully incorporated in a lightweight, portable system, which is 
now commercially available under the brand name Fido (FLIR Systems, Inc.) [5, 6]. 
However, issues such as selectivity, sensitivity, and reversibility are always critical 
considerations. Hence, understanding how the analyte molecules diffuse into the sensing films 
and interact with the chromophore is an important endeavour. 
The fluorescence quenching process used in chemical sensing is relatively straightforward:
the electron from a photogenerated exciton on the fluorescent sensing compound is 
transferred to the analyte and decays non-radiatively back to the ground state, resulting in a 
loss of fluorescence [4, 7]. For this mechanism to function it is therefore essential that the 
energy of the excited electron on the fluorescent compound is higher than the electron affinity 
of the analyte with this difference in energy sufficient to enable electron transfer and exciton 
dissociation [7]. However, beyond the electronic requirements it is also important that the 
sensing material possesses a chemical or physical affinity for the analyte and is sterically 
compatible. Conjugated polymers have been widely studied as fluorescent sensing materials
[8-10], and indeed the active material in Fido is believed to be a conjugated polymer [11].
More recently, fluorescent dendrimers have shown substantial potential as explosive sensing 
materials [12-18] owing to their high photoluminescence quantum yields, monodispersity and 
the ability to control and tailor the physical properties through tuning of the chemical 
structure. For the photoluminescence (PL) to be quenched, the fluorophore and the quencher 
have to be close enough to allow electron transfer to occur. Hence, the way in which the 
analyte molecules diffuse into the sensing film and interact with the fluorophore are of 
particular relevance for solid-state sensors.
We have previously reported that neutron reflectometry can be used to measure the difference 
in film composition between a neat dendrimer film and when it is saturated with an analyte. 
However, while neutron reflectometry can be used to follow the analyte desorption for a 
thermally activated process it does not have the sensitivity or time resolution to measure the 
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sorption of the analyte, which is when the initial response of the sensor is triggered [14, 18, 
19]. In this study, we have utilized a custom-built experimental setup enabling time-resolved 
quartz crystal microbalance (QCM) measurements to monitor the analyte uptake in dendrimer 
sensing films, thus providing important information about the diffusion behaviour for such 
materials. QCM was chosen for the study, as mass changes at the nanogram level are 
quantifiable [19, 20]. The sensitivity of QCM also means it is potentially a sensing platform 
for the detection of explosives [21-23].
The model analyte used was an analogue of the high explosive 2,4,6-trinitrotoluene (TNT), 
para-nitrotoluene (pNT). It was chosen due to it possessing a higher vapour pressure (200 
ppm) [24] than TNT (10 ppb) [16]as well as being safer to use. The sensing film was a layer 
of a first-generation dendrimer comprised of a 9,9′-spirobifluorene core, carbazole dendrons 
and 9,9-di-n-propylfluorene surface groups (Fig. 1) [13, 14]. This sensing material was 
chosen because of its high affinity for nitroaromatic vapours, which are known to rapidly 
quench the fluorescence of thin films [14]. As mentioned above, QCM measurements were 
used to quantify the analyte uptake (sorption) with the results correlated with neutron 
reflectometry. The QCM responses enable us to quantify sorption rate, diffusion coefficient
and mole ratio of analyte to dendrimer. Thermodynamic properties of the diffusion process,
such as activation energy and Gibbs free energy are also evaluated from the QCM responses. 
The present article thus describes in detail the sorption behaviour of pNT molecules into 
dendrimer films. 
EXPERIMENT:
Instrumentation: Figure 2 shows a schematic diagram of the custom-built experimental 
setup for QCM experiments, all of which were undertaken at an ambient temperature of 22.5
± 1.0 °C. The chamber, comprising a QCM holder and gas-mixing compartment, is semi-
airtight and is supplied by mass flow controllers controlling the flow rates of the carrier gas
(nitrogen). One line enters directly into the gas-mixing compartment (nitrogen only) with the 
second line into the nitrogen stream passing through a pNT-coated coil to introduce the 
analyte vapour. Mixing of the gas streams is aided by the baffles in the mixing chamber, 
which also minimise disturbance of the QCM by the gas stream. The QCM chip was 
sandwiched between two O-rings within a Teflon holder, which secure its position and reduce 
vibration and drift. The diameters of the quartz crystal and gold electrode were 13.7 and 5.11 
mm respectively. The CH Instruments Model 400B utilises a time-resolved mode to measure 
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the frequency difference between the working crystal (7.990 MHz ! 7.955 MHz) and the 
reference crystal oscillations (8.000 MHz). The Sauerbrey equation was used to estimate the 
mass changes (!M) from the frequency changes (!F) of the crystal output given by [25]
------------------------- (1)
where  is the resonant frequency of the fundamental mode of the crystal, A is the area of the 
gold disk coated onto the crystal (0.205 cm2),  is the density of the crystal and is the shear 
modulus of quartz. The density of the crystal was 2.648 g/cm3 and the shear modulus was 
2.947 × 1011 g/cm s2 (data provided by CH Instruments, Inc.). Therefore, for an 8 MHz crystal, 
a 0.1 Hz change in frequency corresponds to a mass change of 0.14 ng. However, it is 
important to note that QCMs are very sensitive to the environment including local vibrations
and temperature changes. We therefore measured the QCM drift under nitrogen at a flow rate 
of 1500 mL/min and found that the frequency varied by up to ± 5 Hz during 6000 s running 
time, which corresponds to an uncertainty of  7 ng in the measurements. It is important to 
note that this uncertainty in the mass is greater than the differences observed in separate 
measurements under the same conditions, and hence sets the upper limits on the errors. Each 
sorption experiment was repeated three times and average values taken for further calculation.
Coating the QCM electrode: An Xdip-SV1 dip-coater was employed for coating the QCM 
chip. The QCM chip was first cleaned using toluene, followed by rinsing with ethanol and 
acetone before being dried with a stream of nitrogen. It was then immersed in a 10 or 15
mg/mL solution of the dendrimer in toluene and withdrawn from the bath at a prescribed 
withdrawal speed to control the final film thickness. The process was done under ambient 
conditions. The ! lm was then left to dry in air. 
Characterization of film: Film thicknesses were measured using a Veeco Dektak 150 
surface profilometer. UV-visible (UV-vis) absorption measurements were recorded using a 
Varian Cary 5000 UV-Vis-NIR spectrometer.
Neutron reflectometry: The Platypus time-of-flight neutron reflectometer was used to 
perform the neutron reflectometry measurements at the OPAL Reactor at the Australian 
Nuclear Science and Technology Organisation (ANSTO)[26]. A cold neutron spectrum (2.8 
Å < ! < 18.0 Å) was generated by a chopper system (EADS Astrium GmbH, 23 Hz repetition 
rate) in the medium resolution (!!/! = 4%) mode and recorded on a 2-dimensional helium-3 
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detector (Denex GmbH). Reflected beam spectra were recorded at the angles of 0.5° for 0.5 h
and 2.0° for 1.5 h. The pNT was perdeuterated (d-pNT) to ensure contrast with the dendrimer. 
For d-pNT-saturated film measurements, the sample was kept in a jar containing a few d-pNT 
crystals covered by cotton wool for ~5 h after which the sample was placed in a sealed sample 
chamber with d-pNT and cotton wool to maintain a saturated atmosphere. Motofit 
reflectometry analysis software was used to fit the reflectivity data [27].
RESULTS AND DISCUSSION:
Measurement of film thickness: In order to study the diffusion of analytes into a thin film
the thickness and the uniformity of said film must be known. In the case of the QCM 
measurements it was important to ascertain the thickness without damaging the deposited 
film. To achieve this we utilized two different methods. The first method was to measure the
optical density of the films, assuming that the densities of the films were thickness 
independent. Films of different thicknesses (50 to 100 nm) were prepared by spin-coating the 
dendrimer onto fused silica substrates and the thicknesses were determined with Dektak from
an average of five measurements taken across each film. The optical density of each film at 
320 nm (λmax) was then measured giving an extinction coefficient of (2.0 ± 0.1) × 105 cm-1. 
The fact that the absorption coefficients were the same within experimental error provides 
good evidence that the densities of the films did not change over the thicknesses used in this 
work. The absorption coefficient then allowed determination of the thickness of the dip-
coated dendrimer films on the QCM chips by simply measuring the optical density at two 
positions on the QCM chip [Fig. 3a]. Each position gave essentially the same optical density 
indicating good uniformity across the chip.
In order to crosscheck the film thickness measurements from the first method we used the 
QCM to measure the mass of the film coated on the gold surface and thus calculated the 
average thickness of the films using [28]
---------------------------------- (2)
where  is the thickness of the film,  the mass of the film deposited on the gold electrode, 
 is the density of the film (measured by neutron reflectometry to be 1.05 g/cm3; the 
calculation is described in a later section) and A refers to the area of the gold electrode 
( , = radius of the gold electrode) [29]. Using equation (2), the thicknesses of the 
dendrimer films coated on the gold electrodes were calculated and are plotted in Fig. 3b as a 
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function of the withdrawal rate. Black solid circles indicate the thickness calculated from the 
optical density and the circles indicate the thickness calculated from QCM measurements. 
Importantly, the values for each film thickness determined from the different measurements 
were in agreement. Two concentrations of dendrimer solution were used for dip coating. It 
was found that the thickness of the film increased linearly as the withdrawal speed increased
[30, 31]. It is worthwhile noting that the thicknesses of the films were evaluated at three 
different sites: the QCM measurement provides a thickness measurement at the centre (on the 
gold electrode) while the optical measurements provide data from the sides of the chip
(transparent area). To study the diffusion of the analyte molecules into the dendrimer layer, 
average film thickness values of 29 ± 1, 39 ± 2, 55 ± 2, 68 ± 1, 89 ± 3 and 128 ± 5 nm were 
used.
Kinetics of sorption process: In order to investigate the net transport of analyte by diffusion
into the film, time-resolved QCM was employed to monitor the change of frequency, which is 
proportional to the mass change as sorption proceeds, according to Equation 1. To verify the 
stability of the system the QCM frequency changes were monitored for 2000 s under a 1500 
mL/min nitrogen stream, thus giving a baseline and ensuring the stability of QCM 
measurements. The dendrimer-coated QCM chips were then exposed to a nitrogen carrier gas 
containing 16 ppm (in mole ratio) pNT vapour at a flow rate of 1500 mL/min and the 
resulting frequency change with time is shown in Fig. 4a. It can be seen that independent of 
the thickness of the dendrimer sensing film, when the gas stream was switched to analyte
vapour, an immediate drop in the frequency response of the QCM, i.e., a mass increase, was 
observed.  After ~1800 s the system gradually approached a steady state, suggesting that the 
chemical potentials of the analyte in the gas and adsorbed phases slowly became the same.
The films were continuously exposed to pNT vapours for 4000 s and it was seen from the 
sorption curves that for all but the thickest films (!130 nm) an equilibrium was established 
after 4000 s of exposure. Therefore, 4000 s was used as the point in the steady state regime
for further analysis. It should be noted that the sorption behavior is similar regardless of the 
film thickness, with the only difference being the net pNT mass uptake. The net amount of 
pNT sorbed was found to increase with increasing film thickness, and this is consistent with
the pNT molecules not just being adsorbed onto the film surface (which is the same 
independent of film thickness) but also diffusing into the films.
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The diffusion of the penetrant molecules into the films occurs mainly due to the random 
motion of individual molecules with the concentration gradient as the driving force. Frisch
[32] proposed a relationship to determine the diffusion behaviour of such penetrants into films. 
If the sorbed mass at time  is , then according to the Frisch equation, 
---------------------------------- (3)
where  is the empirical rate constant and  is the transport exponent. Based on the value of 
, the transport process can be classified. For a film, a value of  = 0.5 indicates Fickian 
diffusion, while values lying between 0.5 and 1.0 are an indication of non-Fickian diffusion. 
If = 1, the mechanism is a Case II sorption process and if it is higher than unity the transport 
process is classified as Super Case II.
Fig. 4b shows a plot of versus , where the slope determines the value of . 
Similar shaped curves were observed in all the films of different thicknesses suggesting that 
the diffusion behaviour is the same regardless of film thickness. The versus
plot was found to increase linearly before reaching a steady state. The value of  in the linear 
region was found to be similar for all films with an average of 1.7± 0.2. This indicates that
diffusion of pNT into the dendrimer films is Super Case II. Super Case II [33, 34] transport 
occurs when the sorption is entirely controlled by stress-induced relaxation and the rate of 
relaxation is much slower than the diffusional rate [35]. Swelling (which depends on the rate 
of relaxation) of the film is a characteristic of Super Case II diffusion. The swelling 
plasticises the films and facilitates penetrant inclusion into the system with it occurring ahead 
of the diffusing front [36]. In such a case, the diffusion coefficient is entirely dependent on 
the concentration of penetrant in the films [34, 37].
In such cases the Fickian equation is usually used to find a mean diffusion coefficient. For a
uniform initial distribution and equal surface concentrations, the appropriate solution for the 
diffusion equation is written as [38, 39]: 
---------------------------------- (4)
where  is the diffusion coefficient. Crank showed that Equation 4 can still be used to obtain 
the diffusion coefficient when the film swells upon absorption of vapour, taking an  value 
equal to that of the original pre-swollen film [38]. In Equation 4 the first term dominates and 
hence the higher order terms are generally ignored [38, 39], thus giving:
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---------------------------------- (5)
where  is the mass of the penetrant at steady state. If the corresponding sorption time (
for which  is substituted into Equation 5, we obtain [32, 39]
---------------------------------- (6)
This method essentially gives a mean diffusion coefficient value over the sorption process.
The diffusion coefficient values were calculated and plotted for films of different thicknesses
in Fig. 5a. The trend observed has been reported for systems where sorption causes film 
swelling and is directly related to the influence of molecular structure on diffusional mobility 
due to the stress induced by the swollen part of the film [40-42]. As the concentration of 
penetrant molecules in the film increases, the effects of swelling and stresses also increase, 
and as a result the diffusion coefficient also increases (with the sorption time) [42-44]. The 
concentration dependent diffusion coefficient can be defined by 
---------------------------------- (7)
where  is the diffusion coefficient as penetrant concentration approaches zero,  is a 
constant and  is the concentration of the penetrant in the film. The fit line in Fig. 5a allows 
us to determine the value of , which is 0.3 nm2/s, meaning that the diffusion starts with the 
diffusion coefficient value of 0.3 nm2/s and as diffusion progresses the diffusion coefficient 
increases exponentially. It is important to note that although in Fickian diffusion the value of 
the diffusion coefficient is the same for a particular penetrant-sorbent system regardless of 
penetrant concentration, for Super Case II diffusion this is not the case.
Neutron measurements and distribution of pNT in film: In order to have an independent 
measurement of the amount of analyte adsorbed by the film and how that analyte is
distributed in the film, neutron reflectometry measurements were performed on an as-cast 
film and after it was fully saturated with vapours of d-pNT [Fig. 6a]. The corresponding 
scattering length density (SLD) versus thickness profile is shown in Fig. 6b. In each case a 
good fit was obtained with a model that included a 1 nm silicon oxide layer on the substrate. 
The reflectivity of the as-cast film was described with a single layer model with an SLD of  
1.6 ± 0.1 × 10-6 Å-2 and a thickness of 89 ± 1 nm. The reflectivity of the saturated film was 
modelled as a 103±1 nm thick film with an SLD of 2.4 ± 0.1 × 10-6 Å-2 with a 1.1 nm 
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interfacial layer with the substrate. These SLDs correspond to film mass densities of 1.05 and 
1.40 g/cm3 for the as-cast and d-pNT-saturated films, respectively. An important observation 
from the NR measurements is that the thickness of the film increased by about 16% as d-pNT
molecules accumulated within the film. This clearly shows that the sorption of the d-pNT 
vapour necessitates rearrangement of the dendrimers within the film. Before turning to the 
analysis of the QCM soprtion curves it is interesting to note that these techniques are 
complementary for understanding the sorption process. While NR can provide information 
about the total uptake and distribution of the analyte it cannot be used to measure the rate of 
sorption. On the other hand, QCM can give the amount of material adsorbed but not its 
distribution in the film – surface adsorption could also give a mass change as can diffusion of 
the analyte into the film. It is therefore important to have an independent method that enables 
the distribution of the analyte in a film to be determined for QCM to be useful.
Turning now to the analysis of the QCM data, the molecular ratios of pNT to dendrimer were 
calculated at 4000 s sorption time (saturated regime) and shown in Fig. 5b. It was found that 
the pNT to dendrimer mole ratios for the films of different thicknesses are similar with an 
average value of 1.67 ± 0.05. A slightly lower value (1.60 ± 0.02) for the thicker films (128 ±
5 nm) was found, and this was due to the fact that the thicker films had not yet reached
equilibrium [see Fig. 4a]. We also calculated the molecular ratio of analyte to dendrimer from 
the neutron reflectometry data and found that the ratio was around 4.9 ± 0.1 in the pNT 
vapour saturated environment.  The difference between the molar ratios obtained from QCM 
and NR measurements is probably due to the different measurement conditions (QCM –
continuous flow; NR – static) and concentration of the pNT vapour used. The concentration 
for the NR measurements (~200 ppm) was an order of magnitude greater than that used for 
the QCM measurments (~16 ppm) although it is interesting to note that the concentration in 
the films were of the same order of magnitude.
Thermodynamics of the sorption process: It has been reported that thermodynamic 
properties such as activation energy and Gibbs free energy of the sorption processes can be 
evaluated from the QCM responses [45, 46]. Knowledge of these properties can be valuable 
as a guide to determine how to increase the response, reversibility and reproducibility of 
future sensing materials. If we assume the diffusion of pNT into the dendrimer film follows a 
simple “site-hopping” model, the temperature dependence of the diffusivity can be written as
[45]
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---------------------------------------- (8)
where , a diffusion coefficient at infinitely high temperature, is equal to , where is
the distance between the two diffusive sites (which we take at the diameter of the dendrimer);
 is the vibrational frequency (also called the pre-exponential or attempt factor)
corresponding to the period of vibration of the bond between the penetrant molecule and 
molecules in the film and is taken to be 1013 s! 1 [45];  is the activation energy required for 
the diffusive molecule to hop from one site to another; and  and  are the molar gas constant 
and absolute temperature, respectively. Zybaylo et al. used this method to calculate the 
diffusion coefficient of pyridine into a highly porous HKUST-1 [Cu3(BTC)2] MOF [45]. The 
activation energy found from the diffusion coefficient was in good agreement with the results 
of precise ab initio quantum chemistry calculations [45, 47]. The diameter of the dendrimers
was calculated as 2.1 nm from its density and molecular mass, which is consistent with the 
average hydrodynamic diameter (2.2 nm) in solution calculated from the Mv determined by 
gel permeation chromatography [48].
Figure 7a shows the calculated activation energy for the films of different thicknesses. The 
activation energy decreases linearly with film thickness from 74.8 ± 0.3 kJ/mol for the 29 nm-
thick film to 71.1 ± 0.4 kJ/mol for the 128 ± 5 nm-thick film. The decrease in activation 
energy can be explained by considering Equations 7 and 8 and equating the values for the 
diffusion coefficient, which upon rearranging yields a linear relationship between the 
activation energy and the film thickness.
Room temperature corresponds to an energy of 2.4 kJ/mol and it can be seen that the 
determined activation energy for the sorption process is significantly higher. Hence the 
sorption process is not simply kinetically driven and other forces must be in play such as 
increased entropy and electrostatic interactions. 
The sorption study clearly shows that pNT spontaneously diffuses into the dendrimer films so 
in the final part of the study we calculated the Gibbs free energy for the process. In a sorption 
process when a system changes from a well-defined initial state to a well-defined final state, 
the changes in the thermodynamic potential in the sorption process can be calculated at steady 
state from the overall responses of the dendrimer to the pNT molecules (assuming that the 
behaviours of pNT molecules are the same in both phases) [46, 49] according to
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---------------------------------- (9)
where   is the partition coefficient, equal to the ratio of the concentration of pNT in the 
vapour and film.  At the steady state the concentration of the pNT in the vapour is 90 mg/L
and in the film it is (9.12 ± 0.4) × 104 mg/mL so K for all the films (independent of thickness) 
was (9.8 ± 0.4) × 10-4. Thus the Gibbs free energy differences ( ) for the films of different 
thicknesses are all the same [see Fig 7b]. The change in Gibbs free energies between the pNT 
in the vapour and the equilibrated dendrimer films were found to be similar at -16.97 ± 0.06 
kJ/mol in all films - a negative value of Gibbs free energy indicates a spontaneous process. 
Thus the sorption process is spontaneous and thermodynamically driven ( ) with 
the driving force independent of film thickness. The spontaneous sorption process and strong
binding with nitroaromatic compounds [14], makes them attractive sensing materials for the 
detection of explosives such as 2,4,6-trinitrotoluene (TNT).
CONCLUSION: We have determined the kinetics and thermodynamics of the sorption of 
pNT into organic semiconducting dendrimer films. QCM measurements showed the pNT 
molecules were sorbed into the film and the molecular ratio of pNT to dendrimer was 
calculated to be 1.67 ± 0.05 for all film thicknesses in the steady state regime. NR 
measurements showed that the pNT was evenly distributed throughout the bulk of the films at 
saturation. The calculated change in Gibbs free energy was consistent with the sorption 
process being spontaneous and independent of film thickness. Given that the activation 
energy for the process is greater than  the driving force for the sorption is an increase in 
entropy (film swelling) and electrostatic interactions between the analyte and dendrimer, and 
this leads to a Super Case II diffusion process. Thus the combination of QCM and NR is a 
powerful method for ascertaining the sorption process in sensing materials for explosives and 
can potentially be used to guide design of new molecules for that purpose. 
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List of figures: 
Fig. 1. Chemical structure of the first generation sensing dendrimer based on a 9,9 -
spirobifluorene core with carbazole dendrons and 9,9-di-n-propylfluorene surface groups. 
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Fig. 2. Schematic of the custom-built experimental setup and the inset shows the dimensions
of the quartz crystal microbalance (QCM) chip. 
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(a)
(b)
Fig. 3 (a) Determination of film thicknesses from the optical density measurements; the 
absorbances were measured from two sites on each of the crystals. (b) Plot of film thicknesses 
measured by UV-Vis and QCM methods as a function of dip-coating withdrawing rate.  
Dotted lines are the guide to the eye. 
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(a)
(b)
Fig. 4 (a) QCM frequency changes with the exposure of the films to pNT vapour over time.
(b) Plot of  for films of different thicknesses.
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Fig. 5 (a) Diffusion coefficients versus film thickness. Points are the measured diffusion 
coefficient values and solid line is the fit, (b) The mole ratio of pNT to dendrimer at 4000 s 
sorption time for the films of different thicknesses.  The dashed line indicates the average 
value of the mole ratio and is a guide to the eye.
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(a)
(b)
Fig. 6 (a)
 NR profiles (symbols) and fits (solid lines) for the neat and d-pNT saturated 
dendrimer films. (b) The corresponding SLD profiles for the films.
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Fig. 7 (a) The activation energies for the films of different thicknesses. The dashed line is a 
linear fit to the data. (b) Change in Gibbs free energy for the films of different thicknesses.
The dashed line indicates the average value of the Gibbs free energy. 
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